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THE INFLUENCE OF ABSORBED MOISTURE

ON FATIGUE CRACK FROPAGATION 3EHAVIOR IN POLYAMIDES:

PART B ~ FRACTOGRAPHY

"

)
by Philip E. Bretz,l Richard W. Hertzberg™ and John A. Manson

Abstract

The fatigue fracture surface morphology of nylon 66, nylon 6
and nylon 612 was examined to ascertain mechanisms of fatigue crack
propagation (FCP) in these polymers. Attention was also given to
noting any correlation between fracture surface markings and macro-
scopic fatigue crack growth rate data. In general, observed changes
in fracture surface appearance reflected an increasing level of
plastic deformation with increasing water content, particularly in
N66 and N6. Classical fatigue striations were identified in specimens
of N66 and N6 containing 1.7-5.7 wtk water. Other types of fracture
lineage of unknown origin were also seen which can confound the
interpretation of fatigue fracture topography. Unlike the cases of
N6 and N66, the fracture of N612 was dominated by a microvoid coalescence

mechanism at all moisture levels and at all AK levels examined.

lFormerly Research Assistant, Lehigh University and currently Engineer,
Alcoa Technical Center, Alcoa Center, PA 15069.
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The Influznce of absorbed Moisture

t

on Fatigue Crack Propagation Behavior in Pclyamices:

Part B - Fractograpny

1. Introduction

In two earlier papers (1,27 and in Part A 73] of this investigation,
the fatigue crack propagation (FCP) behavior of several polvamides
(nylon 66, nylon 6 and nylon 612) was discussed. It was found that
crack growth rates were a strong function of water content, particularly
in nylon 66 and nylon 6, with propagaticn rates being a minimum at an
intermediate moisture level (2-3 wth Hzo). This growth rate minimum
was concluded to reflect an optimum balance between moisture-enhanced
blunting of the crack tip and lowering of the modulus in the bulk polymer.
In the present paper, fracture surfaces of these three polyamides are
examined and discussed in light of the observed variations in FCP behavior
reported earlier [ 1-3].

One usually finds that the fracture surface mcrphology of a semi-
crystalline polymer is more complex than that of an amorphous material,
a fact which probably reflects the more complex multi-phase structures |
associated with semi-crystalline materials. Indeed, numerous studies _&4-12

of fracture topographies in semi-crystalline polymer have described a varietw

of observations, many of which are without parallel in fractographic analvses
of amorphous polymers. A recent study by the present investigators .137,
however, does help to explain some of these fractographic features in terms
of crack tip deformation processes. Nevertheless, the origin of many
fractographic details in multi-phase polymers remains obscured.

To cite one example, the occurrence of parallel fracture surface

markings oriented parallel to the crack front is often assumed, without

-1-
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hesitation, to be evidence of crack growth by striation formation. %hile

the term '"'striation," in a generic sense, can be applied to any set of

lines, the term should more properly be reserved for those fracture markings whose
spacing represents the incremental advance of the crack front resulting

from one load excursion. Consequently, if only striations are found on

the fracture surface, their spacing should correspond to the macroscopic

crack growth rate. However, in several amorphous polymers 14,151 and in
semi-crystalline polyacetal 715,16 and high-density polyethylene _11,127,

a fracture lineage of fundamentally different origin has been identified.

These so-called discontinuous growt* (DG) bands represent sudden growth
increments following lOl to lO5 loading cycles where no crack extensim occurred.
Hence, the DG band spacing dces not represent th: cyclic crack velocity.
Therefore, by comparing the spacing of a given set of fracture lines with the
macroscopic growth rate, it is possible to determine whether the lines are

striations or discontinuous growth bands.

The classification of fatigue fracture lineage in semi-crvstalline
polymers is further complicated by the fact that parallel fracture surrface
lines have been variously referred to as "striations," "microstriatioms,"
and "fatigue striations'" [4-127. For example, the "microstriations" in
LDPE [6,7] were concluded to represent the ends of spherulite lamellae,
with their spacing being equivalent to the lamellar thickness. This con-
clusion seems unlikely :lﬂ , however, since the reported lineage spacing
(~1 .m) is much larger than the typical lamellar thickness (~ 10 nm). It
is clear, therefore, that the origin of any lineage on the fracture surfaces

of semi-crystalline polymers must be very carefully determined by comparison

of band widths with macroscopic growth rates and comparison with microstructuril

features.

M.




The ohjective of this research was to identify and catalogue fatigue

fracture surface details in several polvamides that had been equilibrated
to various levels of absorbed moisture prior to testing. In light

of the strong influence of moisture content on macroscopic fatigue crack
growth rates in these polyamides f1-3], attention was given to noting any
correlation between relative changes in FCP rates and in fracture topography
as a function of moisture content.

2. Experimental Procedure

The fracture surfaces examined in this investigation corresponded to
those polyamide samples which were used to generate crack propagation data
as a function of moisture content _31. These commercially-available grades
of nylon included nylon 66 (N66) of two molecular weights (number-average

molecular weights, Mn, of 17,000 and 34,000), nylon 6 (N6) (Mn = 16,000),

and nylon 612 (N612). Specimens of these polymers had been equilibrated to

Laebde owd

various levels of absorbed moisture by vacuum drying or by boiling in various

SRR
o g

aqueous salt solutions, as described elsewhere _2,3], prior to fatigue. testing.

The fracture surfaces were studied using an optical microscope and f |
an ETEC Autoscan scanning electron microscope (SEM); for the latter
instrument, a 20 kV accelerating voltage was used. Prior to SEM observation,
specimens were prepared by either vacuum evaporation of gold and carbon
Or sputter-cating Irom a gold-palladium target. For several of the N6l2
specimens in which 4n cnergy-dispersive spectrum (EDS) analyzer was used 4
as part of the examination, only carbon was evaporated onto the fracture
surface.

Measurements of fatigue striation spacing were made on the moisture-

equilibrated N66 and N6 specimens. Because these markings were seen on a

e g

part of the fracture surface in which the crack front was noticeably
curved, it was necessary to correct crack length measurements for this

curvature, using a procedure previously described Elj.

-3-




3.

Zxperimental Results and Jiscussion

3.1 Macroscopic Cbservations

Fractographic features of the various nylons are summarized in Tables
l-4,and ic is clear that 1) stress whitening; 2) texture; and 3) the nature
of terminal fracture, depend on water content. As has been discussed
previously [1,2], the occurrence of stress whitening in nylon containing
more than 1% water reflects the ability of these moisture-bearing samples to
undergo significant plastic deformation, while the lack of stress whitening
in dry samples indicates reduced plasticity.

The overall fracture surface texture of the specimens changes
dramatically with moisture content. In the region of stable fatigue crack
growth, the dry nylons develop relatively flat, featureless surfaces, as
previously noted for N66 [1,27; alternately, an increasingly rugged fracture
surface topography is noted with increasing moisture content. In addition
to the observations noted in Tables 1 through 4, N66 and N6 samples
containing <5.7% water exhibited coarse arrest lines parallel to the
crack front at stress intensity levels above 3.7 MPa,/ m. Photographs of
these markings for N66 (MW = 17000) have been published in earlier papers

(e.g., Fig. 3 in reference l); these fractographs bear a similar appearance to

those found in this study for N66 (MW = 34,000) and N6 (Fig. la). The markings,

indicated by arrows, have been associated with the periodic interruption of
the FCP test to read the crack tip position and imply the occurrence of creep.
The finer lines between these arrest bands were found to be fatigue striations
(see below).

During the actual fatigue tests, it was noted that the N66 specimens
containing <4.5% water failed by rapid, unstable crack propagation, whereas
the specimens containing 2 4.5% water failed by stable but very high growth
rate (> 1l mm/cycle) cyelic t:aring at large pK levels. In the N6 tests,
only dry specimens fractured in a brittle manner; on the other hand, all
M61l specimens exhibited terminal fast fracture. As sbserved in previous

.
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TABLE 1
Fractographic Observations - N66 (MW = 17,000)
0% H20 0.8 2.2 2.6 2.8 4.0 4.5 5.7 8.5

Surface No No Some Some Yes Yes Yes Yes Yes
Whitening
Texture Smooth |Smooth | Rough | Rough | Rough | Rough | Rough | Rough | Rough
Terminal Brittle {Brittle}Brittle|Brittle|Brittle|Brittle|Tearing|Tearing}Tearing
Fracture

Trans-spherulitic] Yes Yes No No No No No No No
~ Failure

Striations No No Yes Yes Yes Yes Yes Yes No
D.G. Bands No No No No No No No No No

@ 10 Hz




TABLE 2

Fractographic Observations - Né6 (MW = 34,000)

0% H,0 1.7 2.6 8.5 ! A

Surface No Yes Yes Yes :
Whitening g
Texture Smooth Rough Rough Rough

Terminal Brittle | Brittle | Brittle | Tearing

Fracture

Trans-spherulitic No No Yo No

Failure

Striatious No Yes Yes No D
D.G. Bands No No No No

@ 10 Hz




TABLE 3

Fractographic Observations - N6

0% HZO 2.5 2.7 8.5
Surface No Yes Yes Yes
Whitening
Texture Smooth Smooth Smooth Rough
Terminal Brittle Tearing Tearing Tearing
Fracture
Trans-spherulitic No No No No
Failure
Striations No Yes Yes No
D.G. Bands Yo No No No

o
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TABLE 4

Fractographic Observations - N612

0% H20 1.1 3.2
Surface No No Yes
Whitening
Texture Smooth Smooth Rough
Terminal Brittle Brittle Brittle
Fracture
Trans-spherulitic No No No
Failure
1
Striations No No Yo ’
D.G. Bands No No No \
1
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Figure 1 - Macroscopic fracture surface appearance in nyvlon 66.
fine arrest lines found on fatigue fracture surlace in aylon 66 equilibrated to
50% r.h.; b) Fracture bands near back surface due to stress wave-crack iront
interactions; c¢) Widely spaced arrest lines believed to correspond to extent

of tearing in each load cycle.
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work (l), unstable crack propagation is accompanied bv crack bifurcation in

all cases, and is further characterized by the complete absence of stress
whitening, regardless of moisture level. 1In addition, fracture bands from
stress wave-crack front interactions are seen in the fast fracture rezions
of all nylon samples which failed by this mechanism (Fig. lb). These bands
are particularly notable, since they represent a type of fracture lineage
which is clearly found in the fast fracture region and is in no way related
to the fatigue process. The distinguishing feature noted on the terminal
fracture surface regions of the N66 and N6 specimens which failed by tearing
is the widely separated arrest lines believed to correspond to the extent of
tearing in each load cycle (Fig. lc).
3.2 Microscopic Observation

As was the case with macroscopic observations, mjor differences were noted
in the microscopic fracture surface morphology of nylon specimens equilibrated

to different moisture levels. It was previously reported [1,2) that the
fracture surface of dry N66 (MW=17,000) is patchy and shows evidence of
trans-spherulitic fracture (Fig. Zajf A recent study of deformation
mechanisms in semi-crystalline polymers [13] confirmed that trans-spherulitic
fatigue fracture can occur when chain mobility is limited, thereby precluding
significant plastic deformation at the crack tip. In contrast, the fracture
surfaces of high-MJ N66 specimens without water appeared drawn, though not

to the extent of specimens of either type of N66 contained > 2% water (Fig. 2b).

The absence of a trans-spherulitic fracture pattern in dry, high-Mv N66 has been

rationalized :18] in terms of a greater potential for withstanding cyclic damage
prior to fracture in the high-MW polymer as compared to the low-MW nylon at
the same AK level. This potential for deformation apparently causes the

*Crack propagation direction is from left to right in all electron fractographs
unless marked otherwise.

-10-
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Figure 2 Fracture surface morphology in drv N66.
a) Patchy appearance (M, = 17,000) AK = 2.1 MPa,/ m
Scale bar = 30 .m;

b) Extensive drawing (M, = 34,000) AK
Scale bar = 20 .m.

2.2 MPa, m
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spherulice structure at the fracture surface to be perturbed to such an
extent that the spherulite morphology becomes unrecognizable.

In dry N6 specimens the fracture surface is somewhat reminiscent of a
void coalescence mechanism (Fig. 3). These voids increase in size with pK,
and at all stress intensity levels are much larger than the measured
spherulite size of 8-10 .m; therefore, the fracture mechanism in dry N6
does not appear to be structure sensitive. (The micromorphology of fatigue
fracture in N612 will be discussed later, since the mechanism 2f fracture
is noticeably different from that in N66 and N6.)

At higher moisture levels, the fracture surfaces of N66 and N6 samples
were similar to one another but quite different from the topography of dry
specimens. Figure 4 illustrates the extensive amount of plastic deformation
evident on the fracture surfaces of both MW's of N66 and N6. The existence
of the undulating bands on each of these fracture surfaces is quite striking
and suggestive of fatigue striations, as the ridges and lineage are perpendicular
to the crack growth direction. However, the size of these ridges is invariant
over large regions of the fracture surface in which the crack growth rates
change by an order of magnitude; furthermore, these ridges are at least
several times larger than the macroscopic growth rates. Therefore, such
lineage cannot be interpreted as being fatigue striatioms.

Frequently, a much finer set of lines perpendicular to the crack growth
direction can be seen on the fracture surface, often near the larger ridges
(Fig. 5). Again, however, the spacing of these lines precludes the possibility
of their being fatigue striations. Teh and White [6,7) have interpreted
similar markings in LDPE to be the edges of spherulite lamellae and the lineage
spacing to be the lamellar thickness. However, the spacing of the fine lines
in Fig. 5 is too large to permit this interpretation, since the lamellar

thickness is expected to be about 100X smaller. Thus, while the origin

-12-

ol

P




-

i et i et 05 SO i, AN FA - N - 0 1.~ o> 0

Figure 3 Patchy fracture morphology in dry N6,
reminiscent of a void coalescence mechanism.
Scale bar = 40 .m.




RSSO,

4
;
3
¢
. |
g -
LI
:; -t
1
k P
z i
I
g !
L
P
i
T $
: fﬁﬂd j
3 A -
- »
¢ 4
\M\"’ o .-4 ¥
W\ - ki(ﬁr‘ WA,
R L AT N
NERSRET A
. 3 i
P M
i
¥
! AP
4 g - .
L AL L
. w .- ' T e q.\_..f‘*.‘\,;
- o a g ’ . '
e . - e . " Lo
(e) 2
v
Figure 4 Evidence of severe crack tip plastic deformation. f
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a) YN66 with 2.6% H,0 (Mn = 17,000). Scale bar = 20 _m; :
b) N66 with 2.6% H20 (Mn = 34,000); c) N6 with 8.57% H,9, b
Scale bar = 40 _m. s
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of this complex lineage structure is unclear, it is apparent that extreme
care must be exercised when interpreting the fracture surface detals of
semi-crystalline polymers.

A comparison of the fracture surface appearance in N66 as a function
of MW is very interesting. As was noted previously, the fracture morphologv
of dry N66 was patchy in the low-MW material but noticeably drawn in the
high-MW polymer (Fig. 2); also, crack growth rates in dry N66 were much lower
in the high-MW material [3}. However, a comparison of the fracture appearance
of water-containing N66 at different MW's (Figs. 4a and b) indicates lirttle
change in fracture mechanism with molecular weight. Significantly, there
is also little effect of MW on crack growth rates in N66 containing = 2.67%
H, 0 [3]. Thus, there is a correlation between fracture appearance and crack

2

growth rates.

The specimens of N66 containjing intermediate moisture levels (1.5%-5.7% water)
were the only nylons to support stable crack growth at stress intensity
levels significantly greater than 4 MPa,/m. Above this aK level, the fracture
surface is covered with long, ribbon-like features oriented parallel to the
direction of crack growth (Fig. 6). Interestingly, the width of these ribbons
at their widest points is close to the bulk spherulite size. This correspondence
in dimension is consistent with the observations of White and Teh "77, who
found similar markings in LDPE and concluded that they represent the remnants
of spherulites which had been drawn out in the direction of crack growth. As
described by the authors elsewhere [13], spherulites at the crack tip are
believed to be deformed by compressive stresses within the crack tip reversed
plastic zone, which are oriented perpendicular to the crack plane. It is
believed that such compressive yielding flattens and spreads the spherulites

in the crack growth direction, and results in the formation of a series of

-16-
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Figure 6 Ribbon-like featrures parallel to crack growth
direction in N66 (2.2% H20). Arrows on micrograph indicate
width of these ribbons, which are believed to be original
diameter of deformed spherulites. &K = 5.7 MPa, m.

Scale bar = 50 .m.




paraliel lines with a spacing comparable to the original spherulite diameter

(Fig. 6).
Classical fatigue striations were found on the fracture surfaces of N66 and
N6 specimens containing intermediate levels of moisture (1.5-5.7%). The
nature of these striations (e.g., Fig. 7) was verified by a comparison or
their spacings with the corresponding macroscopic growth rates (Fig. §).

Because of the variety of fracture surface lineage observed in these semi-

crystalline polymers, such a comparison of macroscopic and microscopic growth

rate data is essential to establish whether certain features are, indeed,

farigue striations. ;
No evidence of a discontinuous growth (DG) mechanism was seen on the

fracture surfaces of any nylon fatigue specimen tested at 10 Hz, the

standard test frequency for this program. However, DG markings were observed

in specimens of N66 (both MW's) containing 2.6% water which were tested at

50 Hz 7187. Consequently, one must anticipate DG formation in service

failures of structural polyamides under certain test conditions.
The fracture surfaces of the N612 samples are distinctive in that,

regardless of moisture content, the mechanism of fatigue crack growth was b

microvoid coalescence (Fig. 9); no fracture lineage of any kind was observed 3

on any specimen. The diameter of these microvoids increased linearly with

A

LK (Fig. 10); interestingly, the voids in saturated N612 (3.2% H,0) were

b e s

noticeably larger than in the other specimens. The fact that these voids
were largest in the N612 specimens which exhibited the lowest growth rates
23] is analogous to the observed relationship between toughness and micro=~

void size in metal alloys: void diameter and depth are found to increase

with toughness in these materials 7197.




R L > SR P
ot

Figure 7 Fatigue striations in N66 (2.2% H,0)
AK = 4.5 MPa,/ m, Scale bar = 0.1 mm.
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NYLON 66

da/dN, mm/cyc

10

AK, MPa/fY

Figure 8 Correspondence between macrosccopic growth
increments per load cycle and measured striation spacings
(scatter bands) for N66 at various moisture levels.
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Tigure 9 Void coalescence fracture morpholegy in N612.
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Figure 10 Dependence of void diameter on &K for N612 equilibrated
to various levels of absorbed moisture. XNote larger voids in

3 saturated (3.2%) N612.
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The microvoids in Fig. 9 seemed to radiate cutward frvum a central
depression. Closer inspection of the void centers revealed the presence of
small particles within the depressions (Fig. lla & b); these particles seemed co
have a fibrillar surface texture where the polymer matrix had been drawn away.
Although the nature of these particles is not certain, it is suspected that
they are lubricant nodules. An EDS scan of the fracture surface showed a
small concentration of aluminum in the particles. It is interesting to note
that aluminum stearate is sometimes used as a lubricant in polyamides _203].

The fatigue fracture of N612 appears to be dominated by the failure of these

particles and the subsequent growth and coaleseence of the resulting wmicrovoids.

4. Conclusions
1. The absorption of moisture by polyamides, particularly N66 and N6,
causes dramatic changes in fatigue fracture surface appearance. In general,
these variations in surface topography, both macroscopic and microscopic,
reflect an increasing level of plastic deformation as water content rises.
2. The interpretation of fracture surface lineage in semi-crystalline

polymers is complicated by the presence of several groupings of parallel lines

produced by the fatigue fracture process. Classical fatigue striations were

observed only above a certain gK level and in N66 and N6 specimens containing
between l.7 amd 5.7% water. Their spacing agreed closely with macroscopically-
determined growth rates at comparable AK levels. No discontinuous growth
bands were identified in N66 (both MW's) N6 and N612 at all moisture levels
when tests were conducted at 10 Hz. Other fracture lineage markings of
undetermined origin also were seen.

3. N612 is unique among the nylons investigated in that fatigue fracture
occurred by a microvoid coalescence process, regardless of moisture

content. These voids seem to be nucleated by lubricant nodules of an

impurity (possibly a lubricant) in the polymer.
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(a)

(®)
Figure Il Small particles at center of voids in N612.

Note fibrillar texture of particle surfaces.
a) Scale bar = 3 um; b) Scale bar = 10 um.
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